The physiology of the oxytocin receptor has increasingly become a focus of scientific investigation due to its connection with social behavior and psychiatric disorders with impairments in social funciton. Experimental utilization of small molecule and peptide antagonists for the oxytocin receptor has played a role in deciphering these biological and social behavior connections in rodents. Described herein is the evaluation of a potent and selective oxytocin receptor antagonist, ALS-I-41, and details to consider for its use in nonhuman primate behavioral pharmacology experiments utilizing intranasal or intramuscular administration. The central nervous system penetration and rate of metabolism of ALS-I-41 was investigated via mass spectroscopy analysis of cerebrospinal fluid and plasma in the rhesus macaque after intranasal and intramuscular administration. Positron emission tomography was also utilized with [ 18 F] ALS-I-41 in a macaque to verify observed central nervous system (CNS) penetration and to further evaluate the effects of administration rate on CNS penetration of Sprague-Dawley rats in comparison to previous studies.
Introduction
As a hormone, oxytocin (OT) induces uterine myometrial contractions and postpartum mammary gland milk ejection by binding to the oxytocin receptor (OXTR) in these locations. [1] As a neuromodulator, OT modulates maternal nurturing, social recognition, social bonding, and empathy-related behavior by binding to OXTR in specific regions of the brain. [2] [3] [4] [5] [6] Our understanding of the neural mechanisms underlying OT's role in social bonding were facilitated by behavioral pharmacology experiments using selective peptide antagonists and by comparing the OXTR densities in brain autoradiograms of a socially monogamous species (Microtus ochrogaster) and promiscuous species (Microtus montanus) of voles. [7] The socially monogamous species was found to have a very high concentration of OXTR in the nucleus accumbens while the promiscuous species was found to have scarce OXTR density in this same region. [8, 9] As the nucleus accumbens is known for its role in cognitive processing of motivation, pleasure, reward, and addiction, the difference of OXTR density in these animal models emphasize its correlation to social bonding behavior. [10] [11] [12] [13] [14] [15] Investigations into the localization and function of the OXTR system in human social behavior has since been an ongoing investigation in many facets of science including genetics, brain imaging, immunohistochemistry, in situ hybridization, and behavioral analysis. [16] [17] [18] [19] The implications of the OT-OXTR neuromodulation system on human social behavior in clinical and typically developing populations has been a rapidly expanding contemporary focus in research which has resulted in both optimism as well as some criticism. [20] [21] [22] The pharmacological viability of potent and selective OXTR antagonists was recognized upon the discovery of OT's physiological role in inducing uterine myometrial contractions; OXTR antagonists have been proven to function as tocolytic agents to prevent preterm labor. [23, 24] Further recognition of potential pharmacological use for an OXTR antagonist was acknowledged upon the discovery of OXTR in the hippocampus of a rat brain and the later correlations of OXTR to social behavior in various animal models including humans. [25] [26] [27] [28] Hence, OXTR antagonists have been administered in pharmacological experiments for deciphering the role of OXTR signaling in behaviors and are potential pharmaceutical targets for treatment of specific disorders. [29] [30] [31] [32] To investigate the OXTR neural functionality in vivo in a practical manner that does not involve invasive cranial surgery, the peripherally. Without this functionality, the antagonist must be administered directly into the brain, making it impractical for translation to clinical use.
Very few OXTR antagonists have been reported which possess the ability to penetrate the BBB when administered peripherally. Additionally, limited data has been made available regarding their central nervous system (CNS) activity. The only peripherally administered OXTR antagonist which has been utilized for behavior pharmacology studies in the rhesus macaque (Macaco mulatto) is the Merck produced L-368,899. [33] Although there are several extensive reports regarding the peripheral pharmacokinetics of L-368,899 in various animal models due to its use in clinical trials, there are few documentations of pharmacokinetic details regarding its accumulation in the CNS. It was reported by Boccia et al that a small percentage of a dose of L-368,899 administered intravenously enters the cerebrospinal fluid (CSF) of a rhesus macaque and remains in the CSF for over 250 minutes post injection. They further evaluated the compound's accumulation in limbic system areas via mass spectrometry of homogenate tissue from specific regions. Our lab has investigated several OXTR antagonists (not all are yet published), some of which incorporated positron emitting isotopes into their structure and utilized positron emission tomography (PET) for brain penetration profiling. We reported a carbon-11 N-methylated derivative of L-368,899, but the slight difference in structure prevented the results from being directly comparable to L-368,899 itself. [34] However, it should be taken into consideration that N-methylated L-368,899 accumulated in the cynomolgus macaque's choroid plexus, the region of the brain responsible for producing CSF and filtering impurities out of CSF prior to brain entry. This could indicate CSF accumulation of the compound without achieving distribution throughout the entire brain. Although the report from Boccia et al did evaluate L-368,899 for brain distribution in postmortem tissue samples of the macaque, the analysis was performed via mass spectrometry on tissue homogenate extractions. The data obtained from this methodology had increased experimental variables which could have skewed the data (there were no reported experimental controls with standards concurrently reported and the sample sizes were very small). Brain tissue homogenates also contain capillaries which may give false positive measurements, especially when the amounts are in the picogram range.
Intranasal (IN) administration of OT has been utilized quite regularly as a potential means to reach the brain. Indeed, elevated levels of OT have been detected in the CSF after IN administration of OT in humans as well as the rhesus macaque. [35] Various mechanisms by which OT increases in the CSF after IN administration have been hypothesized, yet none of the mechanisms have been proven experimentally. [36] [37] [38] Copious investigations of IN administration of OT have reported effects in both normal subjects and subjects having social behavior deficits. [22, [39] [40] [41] [42] [43] [44] Due to OT being endogenously produced in the hypothalamus and distributed throughout the CNS, it is disputable that measured elevations of central OT concentrations post IN administration derived from the IN dose itself. [45] The mechanisms which induce hypothalamic production and distribution of OT are not completely understood, and it can be hypothesized that an increase of peripheral OT signals hypothalamic release of OT into the CNS. [46] Surprisingly, there has been limited research investigating the effects of IN administration of an OXTR antagonist.
The OXTR is one of a growing list of identified G-protein coupled receptors (GPCR), a list that has now grown to nearly 3000. The probability of a molecule antagonizing only one GPCR without agonizing, antagonizing, or allosterically modulating another GPCR is very low. Therefore, when evaluating the behavior effects of a specific GPCR using a molecule of known affinity and functionality, having or building a knowledge base of a specific compound's potential off-target binding to other GPCRs is essential. In consideration of the high probability of off-target binding, it would be beneficial to investigate behavioral effects using an alternative molecule of entirely different structure to confirm observations. This is especially true when the evaluation involves a high level of experimental variables as is the case with behavioral assessment. Here, we build upon the knowledge base of a previously reported OXTR antagonist (ALS-I-41, Figure 1 ) to evaluate its ability to breach the blood brain barrier in macaque models through aerosolized IN, intramuscular (IM), and IV routes of administration. [47] Plasma and CSF samples were collected at specific time points post IN and IM administration and analyzed via liquid chromatography mass spectrometry (LCMS). A PET scan was performed after IV administration of [ 18 F]ALS-I-41. The use of PET with [ 18 F]ALS-I-41 was also performed in Sprague-Dawley rats to further evaluate metabolism and brain penetration differences that may occur with bolus IV, slow infusion IV, and IM routes of administration.
Material and methods

General
The synthesis and radiolabeling synthesis of ALS-I-41 and [ 18 F]ALS-I-41 was performed as previously reported. [47] Propylene glycol, United States pharmacopeia grade, was purchased from Fisher Scientific. The methodology for LCMS analysis of ALS-I-41 in CSF and plasma was first developed on an Advion CMS expression and carried over to an AB Sciex 6500 Triple Quadruple with a Schimadzu Nexera X2 Autosampler and LC tower. Nonhuman primate PET images of the brain region were obtained with a Seimens Focus 220, the PET isotope, and a 10 min transmission scan with a cobalt-57 source for attenuation correction. The Focus 220 has a 22 cm gantry containing a full ring of 168 LSO detector blocks with a 12 x 12 array having an axial field of view of 7.7 cm which provide 24, 192 detector elements and a coincidence detection timing window of 6 ns. Resolution from reconstruction is approximately 1.3 mm in the transaxial planes at the center of the field of view. PET images of Sprague-Dawley rats were obtained using a Siemens Inveon dedicated PET tomograph, the PET isotope, and a 7 min transmission scan using a cobalt-57 source for attenuation correction. Scans were performed in a 12.5 cm field of view starting with the nose of the rodent. Spatial resolution of reconstructed images are approximately 1.4 mm. More details about the functionality of the Inveon scanner is published in Bao et al.
All procedures used in this study were reviewed and approved by the Institutional and Animal Use Committee. It is the policy of Emory University to adhere conscientiously to all of the humane standards set by the Animal Welfare Act (United States Department of Agriculture/USDA), the Public Health Service Policy on Humane Care and Use of Laboratory Animals, the Standards of the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC), whose certification is regarded as the gold seal of approval for laboratory animal care, and the policies of the Emory University Board of Trustees.
CSF and Plasma Extraction Experiments
Dose Preparation for Intranasal and Intramuscular Administration-Dose
solutions were prepared in a low (120 μg/ml) or high (6.15 mg/ml) concentrated solution in 10 ml of propylene glycol. Propylene glycol was necessary to ensure adequate solubility of the compound. Into a sterile empty vile was weighed 1.2 or 60 mg of ALS-I-41 and 10 ml propylene glycol was then injected. The mixture was vortexed until all solids were dissolved. Using pressurized argon, the dose was then passed through a sterilized line equipped with 1 micron and 0.45 micron sterilized filters into a sealed sterile vial.
Procedure for Dose Administration and Fluid Collection in a Rhesus
Macaque-Four male rhesus macaques born at Yerkes National Primate Research Center were used for this study. The monkeys were five years old and weighed 9-13 kg at the time of each trial (average weight of 11.4 kg for all trials). The monkeys were anesthetized directly from their home cage using an IM dose of Telazol (4-5 mg/kg) and taken to a treatment room. Anesthesia was maintained with propofol (1-2mg/kg) at a concentration of 10 mg/ml. The propofol was diluted using a Lactated Ringer's solution at a concentration of 1 mg/ml and delivered IV at a drip rate of 10 mg/kg/hr. Heart rate, respiration and pulse oxygen saturation were monitored throughout the procedure. The lumbar region of the subject was shaved and prepped with an iodine solution for CSF extraction.
For IN delivery, the subject was fitted with a face mask connected to a pediatric nebulizer and the aerosolized dose was administered for 8 minutes. This procedure was similar to that previously described by Modi et al, but the time of administration was extended due to the viscosity of propylene glycol. [37] Two dose levels (a high dose and a low dose) were administered IN. The average low dose administered (n=8) was 205 μg. The average high dose administered (n=2) was 7.69 mg. Dose amounts were calculated from volume remaining in the nebulizer apparatus. For IM administration, a 6.15 mg dose (n=2) was injected into the inner thigh muscle of the subject, the low dose was not used for IM administration.
Only two baseline CSF samples were acquired to confirm there was no mass peak equivalent to ALS-I-41 detected on our LCMS analysis prior to administration. CSF samples were taken at 60 and 120 min post nebulization or injection and were placed immediately in dry ice and stored in a −80 C freezer until they were thawed for analysis. Repeat studies on the same monkey were not performed until at least two months of time had passed. CSF samples were collected by passive drip through a 22 G needle inserted into the lumbar subarachnoid space for each sample as previously described by Modi et al. [37] Contaminated CSF samples (samples with a pink tinge indicating red blood cells) were not used for data analysis for this study. Three attempts to obtain a clean sample were made for each time point. If a clean sample could not be obtained, that time sample was not collected during that session and the treatment was re-administered at a later date to obtain any missed samples for each subject.
Blood extractions were acquired from the saphenous vein. Prior to any compound delivery, baseline blood samples were collected. Blood samples were taken at 5, 15, 30, 60, and 120 min, placed on ice until the end of the study, and then spun for 10 minutes at 10,000 rpm. Plasma was separated from the red blood cells and stored at −80 C until they were thawed for analysis.
Plasma and CSF Sample Preparation and Analysis-CSF samples were
analyzed without further preparation. Preparation of extracted plasma samples was conducted in a 0.5 ml 96 well plate. To each well of the plate was added 100 μl water, 25 μl of the internal standard diluted 100 times by mass in acetonitrile, and 100 μl of the plasma sample. The samples were mixed in the well by pipetting 8-10 times. Using the same pipette tips used for mixing, the diluted samples were transferred to a solid-liquid phase extraction set atop a 2.0 ml 96-well plate. The samples were loaded onto the columns by pulse vacuum for 5 seconds. After resting for 5 minutes on the sorbent bed, 1 ml ethyl acetate was added. After another 5 minutes, vacuum was applied and the samples were collected in the 2.0 ml 96-well plate. The samples were then concentrated using a Biotage turbovap 96 at 30 PSI nitrogen pressure at 37 C and then diluted with 100 μl of 70:30:0.1 water/ methanol/ formic acid. Samples were then measured for ALS-I-41 concentration in duplicate using an AB Sciex 6500 Triple Quadrupole mass spectrometer equipped with a Schimadzu Nexera X2 autosampler and LC tower. Injected samples passed over a Phenomenex Kinetex 2.6 μm C18 100 Å bed LC column with a 2.1mm diameter and a 500 mm length eluted with 70:30:0.1 water/ methanol/ formic acid at 0.6 ml/ min. The column temperature was 40.0 C and had a backpressure of 5200 psi. Injection volume was 20 μl. The extraction protocol was tested with rhesus plasma samples of known concentrations and recovery rate was approximately 86%.
Acquired samples from subjects were ran concurrently with prepared samples of an internal standard of ALS-II-69, a compound of similar structure as ALS-I-41, but with a significantly different retention time on the LC column. [48] Samples of ALS-I-41 were prepared and analyzed in rhesus plasma and artificial CSF in concentrations ranging 0.8 to 10 pg/ml to generate a calibration curve. The detection limit of ALS-I-41 in CSF and plasma was approximately 1 and 8 pg/ml respectively.
PET Imaging
PET Scan Acquisition of a Macaque-A male cynomolgus macaque (Macaca fascicularis) weighing 8.1 kg was acquired from Yerkes National Primate Research Center
for this study (n=1). This cynomolgus monkey was chosen instead of a rhesus macaque due to the animal already having an MRI on file to co-register with PET. The monkey was anesthetized with Telazol (3 mg/kg; i.m.) and maintained on a 1-2% isoflurane in pure oxygen mixture while intubated and placed on a ventilator throughout the imaging procedure. Heart rate, temperature, respiration, and pulse oxygen saturation were monitored continuously after anesthesia was established. A 15 minute transmission scan was performed using a germanium-68 point source to provide attenuation correction. Approximately 5 mCi of [ 18 F]ALS-I-41 was then administered via an IV bolus at the start of the emission scan and scanning continued for 2 hours. Reconstructed images were processed using Seimens ASIpro software. Volumes of interest (VOI) were acquired by outlining regions of interest on several slices to generate 3-D data points on time-activity curves (TAC). TAC's were generated by the software in nCi/cubic centimeter and converted into standard uptake values (SUV) by dividing the volume of interest for each point by the radioactivity injected multiplied by the body weight.
Procedures for PET Scan Acquisitions of Sprague-Dawley Rats-Female
Sprague-Dawley rats (200 -330g) acquired from Charles River were placed in a chamber with 4-5% isoflurane in oxygen at a flow rate of 1000 ml/min to induce anesthesia. Anesthesia was maintained continuously until the imaging procedure was finished at 1 -2% isoflurane in oxygen at a flow rate of 500 -1000 ml/min using Kopf stereotaxic nose cones with outlets vented thorough a weighed carbon filter. The rat's vital signs were monitored using the Bio-Vet (M2M Imaging) hardware and software monitoring system which includes a resistive Bair Hugger patient warmer with temperature probe feedback, a pressure sensor for monitoring respiration rate, and 3 EKG leads for measuring heart rate. Rats receiving IV continuous infusion (n=2) Scanning was started at one minute after the infusion began and continued for 2 hours. All reconstructed images were then processed with ASIpro software as described in section 2.2.3 except for the conversion to SUV's. For clarity of the data, the mean nCi/cc value was used.
Results and Discussion
Plasma and Cerebrospinal Fluid Concentrations of ALS-I-41
The measured concentrations of ALS-I-41 in plasma and CSF extractions are shown in Figure 2 . The initial target dose for IN administration of ALS-I-41 was 234 μg. This amount was chosen because it is ten times the molar equivalent of 24 international units of OT, an amount previously used in clinical trials investigating the effects of IN OT. [35] A total of 8 trials were performed at this low dose, with an average dose of 202 μg administered. Of the 8 trials, CSF samples containing blood were omitted from the data, leaving four data points for each time point. There were no omissions of any plasma data. The resulting concentrations from the low dose IN were extremely low with an average peak of 1 ng/ml in plasma and 7 pg/ml in CSF. After observing such low concentrations in the plasma and CSF from the low dose IN administration, the IN target dose was increased to 7.5 mg using a 6.15 mg/ml solution of ALS-I-41. This much higher IN dose resulted in 150 fold increase in plasma concentrations and a 14 fold increase in CSF concentration in comparison to the low dose. To investigate an alternative practical method of administration in the field, intramuscular (IM) administration of 6.15 mg was investigated. The IM injection resulted in the highest fluid concentrations with 5 fold concentration increases over the high dose IN administration for both plasma and CSF. Two trials were performed with the high dose IN and two trials were performed with the IM dose. All CSF samples obtained for the high dose IN and IM studies were free of blood contamination; no data was omitted from these trials. Table 1 summarizes the dose information, the corresponding maximum plasma and CSF concentrations, and the times in which the maximum concentrations occurred.
The use of a pediatric nebulizer for IN administration likely accounted for a substantial portion of the 5 fold concentration deviation between IM and high dose IN administration as unmeasured amounts of the IN doses were lost in air during the 8 minute nebulization period. The nebulizer, as opposed to a direct nasal spray administration, was used in this study because the monkeys can be trained to use it, it has been found to be more effective, and we are interested in practical methodologies for behavioral assessments. [37] Although the fluid concentrations were lower than we had hoped in the nebulizer trials, the acquired data does provide useful information. The Furthermore, to block the effects of 24 IU OT administered aerosolized IN to a macaque, a concentration greater than 56 pM would be necessary. Therefore, the IM administration of 6.15 mg ALS-I-41 appears to be an adequate method of administration to achieve CSF concentrations high enough to elicit or block a behavior responses of the OT system. Although it should be considered that peripheral OXTR would be also be subjected to a blocking effect. These results are summarized in Table 2 .
Dosing estimates of ALS-I-41 for humans can also be deduced from the data in this study and previously reported work. In a study reported by Striepens Similarly, for this study, the concentration of ALS-I-41 is too low to saturate the OXTR. However, the measured amounts in CSF from all of these experiments do not take into consideration OT or ALS-I-41 that have been taken up by the OXTR receptors or other biological entities within the brain at the time of measurement. Furthermore, both OT and ALS-I-41 have a much longer half-life in CSF than plasma and the incubation times used for in vitro measurements. The prolonged in vivo exposure of these chemicals to the neural OXTR is likely responsible for enabling behavioral effects. As the next section will demonstrate, the concentration of these chemicals, especially ALS-I-41, vary throughout the brain at different times. Further microdialysis experiments may aid in clarifying the realtime concentrations of OT or ALS-I-41 after administration at specific regions. As previously mentioned, OT is endogenous and there is no discrepancy from exogenously administered OT; any increases of OT in the CSF after exogenous administration of OT can only be assumed to be exogenous OT until further experimental data is obtained. We have shown here that the completely exogenous OXTR antagonist, ALS-I-41, can reach the brain in comparable amounts to what was measured after IN administered OT and it is retained within the brain for over 2 hours. We have also shown the antagonist does not require IN administration to achieve these amounts. Considering the various studies reporting behavioral responses from such a low dose of IN OT, it can be hypothesized that the OXTR antagonist ALS-I-41 could elicit an antagonistic behavioral response at the dose levels described herein as well as block behavioral effects derived from IN administration of 24 IU OT. However, a combination of peripheral administration of ALS-I-41 and central OT administration using electrophysiological recordings in OT sensitive brain regions would be ideal for determining the true efficacy of peripherally administered antagonist to probe central OT function.
PET Imaging
PET Imaging of [ 18 F]ALS-I-41 in a Cynomolgus
Monkey-To visualize the distribution of ALS-I-41 in the living brain of a macaque, a PET scan was performed in a cynomolgus macaque for 2 hours after administration of 5 mCi of [ 18 F]ALS-I-41 via IV administration. The time-activity curves (TAC's) generated from the scan are provided in Figure 3 . The TAC of the tissue from the neck muscles and whole brain (Figure 3a) indicate that only a fraction of the dose reaches the brain; [ 18 F]ALS-I-41 was not distributed equally between central and peripheral regions. These results confirm what was observed in section 3.1. Interestingly, the TACs of various brain regions (Figure 3b ) indicate unequal distribution of [ 18 F]ALS-I-41 in the brain throughout the scan. The cerebellum, midbrain and brain stem had the strongest signals followed by the temporal and frontal lobes. All of these regions had stronger uptake than the average uptake of the entire brain. The occipital and parietal lobes as well as the thalamic region (including the corpus callosum, fornix, and lateral ventricles) had the lowest uptake. Representative images from the scan are shown in Figure 4 with arrows indicating the accumulations in the cerebellum, midbrain/brain stem, frontal and temporal lobes.
In comparison to previously reported autoradiography and in situ hybridization studies with rhesus macaque brain slices, [ 18 F]ALS-I-41 was more concentrated within the same regions shown to contain OXTR (nucleus basalis of Meynert, pedunculopontine tegmental nucleus, the superficial gray layer of the superior colliculus, the trapezoid body, and the ventromedial hypothalamus). [49, 50] While there was little accumulation of [ 18 F]ALS-I-41 in the thalamus region, there was a higher concentration of [ 18 F]ALS-I-41 in the regions containing the central amygdala, anterior cingulate cortex, entorhinal, claustrum, subiculum, and parasubiculum. These regions were all found to display an autoradiography signal from [ 125 I]ornithine vasotocin, but are not believed to be sites of OXTR synthesis based on in situ hybridization results. Nevertheless, the generally low levels of radiotracer in the brain, and the overall low OXTR densities in the macaques prevented OXTR densities to be reliably quantified. The important aspect of the study was the detection of [ 18 F]ALS-I-41 in regions known to contain OXTR.
What was not documented previously and is noted here is the accumulation of [ 18 F]ALS-I-41 in the cerebellar regions. In situ hybridization data of the cerebellar regions was not included in the previous report (referenced above) because the granular layers of the cerebellum have been known to display non-specific binding for in situ hybridization experiments. Although a signal was observed with the in situ hybridization experiment, it was not confirmed and, therefore, not included in the previous publication. Figure 5 shows examples of OXTR in situ hybridization results of the cerebellum (obtained with the same methodology as the previous publication) with the red arrow indicating the observed unconfirmed signal. [49] However, because of background variability in sense strand controls across several experiments, we are not confident that the in situ hybrization signal is truly reflective of OXTR synthesis. In combination with the PET data, future studies will need to determine if these signals in the cerebellar region are indeed OXTR or false positives.
Interestingly, there is a stark contrast between observed accumulation of [ 18 F]ALS-I-41 in the various regions of the limbic system. This can easily be seen by comparing the accumulation densities in the thalamic region and temporal lobe. While the distribution of the tracer throughout the entire brain peaked and was nearly equally distributed at approximately 15-30 minutes into the scan ( Figure 6 ), very little remained in the thalamic region at the end of the scan. However, the temporal lobe contained approximately 75% of its peak signal at the end of the scan. While the macaque OXTR densities reported in the temporal lobe region are rather low based on autoradiography and in situ hybridization results, there are confirmed reports of OXTR in the temporal lobe region while there are no reports of OXTR in the thalamus. Also, autoradiography is thought not to show signals from terminal fields of OXTR synthesizing brain regions. [51] Although the signal acquired from [ 18 F]ALS-I-41 did accumulate more in regions where OXTR has been reported and the CSF data suggests the molecule does indeed penetrate to the CNS, it is to be determined if this accumulation is significant and related to OXTR densities. In the macaque model, [ 18 F]ALS-I-41 is the only PET tracer evaluated that has shown an unevenly distributed signal in the brain. Therefore, there is limited choice in selecting a molecule capable of blocking a signal from the OXTR. Consideration in administering L-368,899 as a blocking agent was given, but we were first interested in possibly improving the observed signal as well as investigating the production of L-368,899 as a PET tracer. The following study in rat 
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Author Manuscript models was performed to evaluate alternative administrations of [ 18 F]ALSI-41 for improving brain signal as well as further evaluating the molecule as viable for use in behavior studies in rodents.
PET Imaging of Sprague-Dawley Rats
A 30 minute continuous infusion IV injection and an IM bolus injection studies were performed with [ 18 F]ALS-I-41 in Sprague-Dawley rats and compared to previously obtained IV bolus injection. [47] Graphs of the TACs derived from the three PET imaging studies are shown in Figure 7 and include data from the whole brain, muscle tissue from the arm, and skull. We had previously investigated [ 18 F]ALS-I-41 via IV bolus injection and, based on the TACs and images, thought the compound was not a brain penetrant in the rat. The TAC curve derived from the IV bolus does show a slow increase of activity in the brain from the 15 minute time point through 90 minutes, but it also showed an increase in the bone uptake as well (there was no significant bone uptake detected in the monkey model). The bone uptake suggests the molecule is losing its fluorine to metabolism and creating fluoride which is capable of penetrating to the brain, but is generally taken up in the bone. The image generated from the IV bolus also suggested very little uptake in the brain. The appearance of low uptake (even if summed at the latter portion of the scan) is believed to be due to the periphery accumulating twice the amount of activity as the brain via the IV bolus injection modality. In comparison, the IM and 30-minute continuous IV infusion data had less peripheral uptake and, therefore, the contrast between the brain and periphery enable the signal within the brain to be better visualized than in the IV bolus injection (Figure 8 ). The TAC from the continuous infusion scans show that brain uptake increased while bone uptake remained relatively constant after the entirety of the dose was administered (at the 30 minute point). Considering fluorine is rapidly trapped in the bone, the signal in the rat brain is most likely not entirely from defluorination, but could contain the parent compound as well as other metabolites. When considering published data showing little to no accumulation of [ 18 F]sodium fluoride in the rat brain, the latter seems the most probable. [52] Nevertheless, the rapid uptake in the bone does suggest the compound is rapidly metabolized on first pass in the rat. As there was no significant bone uptake in the macaque scan, the method of metabolism is clearly different than the macaque. The TAC from the IM injection as well as the image itself (very prominent skull uptake in the image) indicates more bone uptake occurs using an IM injection. The extended exposure in the myofibril matrix did not promote stability of the compound.
Notably, the TAC of each injection method for the brain was similar. There was no reduction in activity from the brain in any of the scans once it reached its maximum and the maximum amounts within the brain were all close in range. There was no noticeable clearance of the radioactivity once within the brain during the scanning timeframes, resembling what was found when investigating the same molecule in a marmoset model. Although radioactivity was detected in the rat brain, CNS penetration of [ 18 F]ALS-I-41 was not confirmed via CSF extraction as was performed with the macaques. Due to brain penetration varying between different animal models, further confirmation via rat CSF extraction will be required to determine if the uptake observed in the rat brain was a metabolite or the parent compound. This report confirms the variance in brain penetration of [ 18 F]ALS-I-41 between animal models as, previously reported, no significant brain penetration of [ 18 F]ALS-I-41 was detected in titi monkey models. [53] However, the data from the various rat scans does lead to the hypothesis that if a 30 minute continuous IV infusion of [ 18 F]ALS-I-41 is performed with a macaque model then an image with improved resolution may be obtained.
Conclusions
The small molecule OXTR antagonist ALS-I-41 was discovered to be a mild brain penetrant in the rhesus macaque via CSF extraction and PET imaging. The PET imaging data acquired with [ 18 F]ALS-I-41 in a macaque model demonstrated, for the first time, accumulation of an OXTR selective radiotracer in brain regions known to contain OXTR. The resolution of the images, however, did not enable adequate quantification of receptor density. PET imaging data from different injection methods of [ 18 F]ALS-I-41 in rat models demonstrated an improved brain resolution by performing a 30 minute continuous IV infusion. The small molecule, ALS-I-41, is a viable tool for investigating the behavior effects of an OXTR antagonist in the macaque utilizing the dose amounts described herein. However, the ability of ALS-I-41 to act as a brain penetrant varies between animal models as does its route of metabolism. Therefore, confirmation of brain penetration must be performed for each animal model investigated with it. Time-activity curves from the brain scan of a cynomolgus macaque showing A) the amount of SUV detected in the whole brain versus muscle tissue and B) regional brain SUV measured in the whole brain, brainstem, cerebellum, temporal lobe, frontal lobe, occipital lobe, parietal lobe, and the thalamus. Table 1 Summary of ALS-I-41 administration and accumulation in plasma and CSF in male rhesus monkeys (average weight 11kg).
